Objective: Chikungunya is a viral disease caused by positive sense single stranded RNA virus. High fever, myalgia, arthralgia, body rashes are the characteristic features of Chikungunya transmitted by Aedes mosquitoes. We aim to demonstrate that dominant epitopes of envelope E2 protein can be used for diagnostic purposes as well as vaccine design.
Introduction
Chikungunya is a febrile illness caused by positive sense RNA virus that belongs to genus Alphavirus of the Togaviridae family. Chikungunya virus (CHIKV) is an enveloped virus with four non-structural (nsP1-4) and five structural proteins (C, E1-3, 6K) [1] . First time Chikungunya disease was identified in East Africa in the early 1952 [2, 3] . CHIKV symptoms start 4 to 7 days after exposure and mostly resolve within two weeks of acute phase. Although the acute phase lasts approximately 2 weeks, joint pain can persist for months or even years following initial infection [4, 5] . Currently there is no licensed vaccine or effective therapy available for prevention or treatment of CHIKV. However, efficacy of recombinant and attenuated vaccine was tried in murine and primate models through the generation of neutralizing antibodies [6] [7] [8] [9] [10] . We focused our attention on E2 glycoprotein because of its involvement in host-cell receptor interaction with immune cells [11] . Thus, it can be a good target for virus neutralization/ blocking antibody for receptor on the antigen presenting cells by the virus. Previous studies showed that monoclonal antibody against the specific epitope of E2 protein protected mice or inhibited virus entry inside the vero cells after CHIKV challenge [12] [13] [14] [15] . These observations prompted us to use B and T cell epitopes of E2 protein in developing MAP based immunogen. We identified few dominant epitopes on E2 protein based on murine data and reactivity with convalescent human sera [16] [17] [18] . T cell epitopes were identified on the basis of in vitro T cell proliferation and cytokines profile [17, 18] . In the present study, these epitopes were assembled together as a MAP construct for designing immunogen for CHIKV. MAP allows the incorporation of multiple copies of a single or different epitopes in a defined manner. Previous studies showed improved immune response can be achieved for different disease using MAP approach [19] [20] [21] . MAP entrapped in PLGA microspheres with CpG ODN or Murabutide adjuvant Methods Six to eight weeks old outbred and BALB/c (H-2 d ) mice were used. Six to eight mice were used in each group. Experiments were done according to the guidelines of AIIMS Ethics as well as CPCSEA, Ministry of Social Justice, Government of India.
MAP's reactivity with E2 protein antisera were tested by direct binding assay. ELISA plates were coated with different MAPS (100ng/well). Plates were blocked with 5% milk powder and washed with 0.05% of PBS tween-20. The antisera raised with E2 protein in outbred mice was added at a dilution of 1:200 onto the ELISA plates and incubated at 37 o C for 2h. In the same manner, reactivity of individual peptides with MAPs antisera was also tested. Plates were coated with respective peptides (200ng/well) and incubated with MAPs antisera with two-fold serial dilution and incubated at 37 o C for 2 h. To check the reactivity of MAPs with peptide antisera, plates were coated with different MAPs (200ng/well) and incubated with different peptide antisera at a dilution of 1:200 and incubated at 37 o C for 2 h. After washing, goat anti-mouse IgG-HRP (1:1000 dilutions) was added and kept at 37 o C for 1 h and color was developed using OPD as a chromogen and H 2 O 2 as a substrate [23] .
showed high antibody titers and produced virus neutralizing antibody in vitro. MAP also showed cell mediated immune response in terms of high stimulation index and generated protective or beneficial cytokines. Thus, assembling as a MAP proved to be a better immunogen.
Synthesis of multiple antigenic peptides (MAP)
Dominant B and T cell epitopes of E2 protein were constructed as MAPs using Fmoc chemistry. Three MAPs viz. MAP-1, MAP-2, MAP-3 were synthesized on Gly-HMP-Tantageyl resin [21] . All the MAPs were purified by HPLC and characterized by amino acid analysis and molecular weight. Following MAPs were constructed with different B and T cell epitopes.
Experimental Mice
MAPs were entrapped in microspheres using poly (DL-lactide-co-glycolide; 50:50) (Sigma, USA) by double solvent evaporation method (water-in-oil-in-water) [22] . Percentage of entrapment of MAPs in microspheres was estimated by bicinchoninic acid (BCA) method (Sigma, IL, USA) and it was in the range of 53-64%. The size was between 2-8 µm. Morphology of microspheres was found to be spherical.
Entrapment of MAPs in PLGA microparticle, particle size and morphology

Immunization of mice and Sera collection
PLGA microspheres containing 40µg of MAPs was dissolved in 40 µl of PBS with 5µg CpG-ODN 1826 (TCCATGACGTTCCTGACGTT) (Coley Pharmaceuticals, USA) or murabutide (Invivogen,USA) adjuvants. Different group of mice were immunized intramuscularly with MAPs in microspheres (MS), MAPs in MS with 5µg of CpG ODN and MAPs in MS with 5µg of murabutide at the thigh region on day 0. Booster dose of 20µg of MAPs with 5µg of adjuvants was given on days 23 and 42. 0.5 ml blood was collected from retroorbital plexus on the days 28, 42, 60, 90, 120. Antisera was separated and stored at −20 o C till use.
Reactivity of MAP with E2 antisera and MAP antisera with their respective peptides and E2 protein
Humoral response (Peak antibody levels)
MAP specific antibody levels were estimated using standard ELISA protocol. Briefly, 96 well microtiter plates (Immulon II HB, Dynatech) were coated with 200 ng/well of each MAP (l00 µl/well), non-specific binding sites were blocked with 5% milk powder. After washings, serial two-fold dilution of different MAP antisera was added to measure IgG peak antibody titers. Color was developed as described above. The titers were expressed as the highest serum dilution giving an absorbance higher than that of pre-immune sera. Journal of Immunology and Infectious Diseases
Estimation of IgG subclass
IgG subclass (IgG1, IgG2a, IgG2b and IgG3) estimation was done as per manufacturer's instructions using isotyping kit ISO-2 (Sigma, USA). 100 ng/well of MAP were coated on ELISA plates and MAP pooled sera of each group was added at 1:200 dilution and color was developed as described above.
Memory response
To check the memory or amnestic response, mice were immunized with 20µg of native E2 protein with 5µg CpG ODN on day 120 and bleeds were collected on day 135 and IgG antibody titers were estimated as described above.
Microspheres containing the respective MAPs were injected intramuscularly to outbreed and inbred H-2 d mice with a primary dose of 40µg MAP equivalent on day 0 with 5µg CpG ODN/ Murabutide. Booster dose of 20µg of respective MAP and 5µg CpG/ Murabutide was given on day 10. In case of E2 protein, mice were immunized with primary dose of 30µg with 5µg CpG ODN on day 0 followed by booster dose of 15µg + 5µg CpG ODN on day 10. Splenocytes (devoid of B cells by panning with anti-mouse immunoglobulin) were cultured in triplicate wells(2×105 cells/well) on day 21 in RPMI 1640 medium (300 µl/well) containing the appropriate antibiotics. Following variables were used to stimulate splenocytes.
In vitro T cell proliferation assay
1. Splenocytes were primed with E2 protein in vivo and in vitro stimulated with native E2 protein (5,10 and 25 µg/well) or with individual MAPs (10, 25, 50µg/well).
2. Splenocytes were primed with individual MAPs in vivo and in vitro stimulated with native E2 protein and cognate MAP (10, 25, and 50µg/well).
PHA (2 µg/well) was used as positive control. After 72 h of culture, 200µl of culture supernatant was collected from each well and stored at −70 o C for cytokine estimation. The cultures were pulsed with [ 3 H] thymidine 0.5µCi/well and after 18h, cells were harvested. Thymidine incorporation was measured by a liquid β scintillation counter. Stimulation index (SI) was calculated. The data was presented as mean SI±SD of triplicate wells.
Cytokine level measurement
The levels of Th1, Th2, Th17 and pro-inflammatory (IL-1β, IL2, IL-4, IL-10, IL-12, IL-17, TNF-α, IFN-γ) cytokines were measured in the culture supernatant using sandwich ELISA (e-Biosciences). Data was presented as mean concentration of cytokine (pg/mL) ± S.D. of triplicate wells.
Neutralization assays
90% plaque reduction neutralization test (PRNT 90 ) in vero cells was done by reported procedure using two-fold serial dilution of MAPs antiserum.(23) Plaque was counted and titers were calculated and expressed as the reciprocal of serum dilution yielding ≥90% reduction (PRNT 90 ) in the number of plaques.
The data on MAPs specific IgG, IgG subclass, T cell proliferation and cytokine levels were compared by non-parametric Kruskal-Wallis one-way analysis of variance by ranks. The levels of significance (p value) were compared between different formulations of MAPs & Mean antibody titers in sera were compared with student's t-test.
Statistical analysis
Results
Antibody peak titer of MAPs antisera at different intervals
All the MAPs were found to be immunogenic and showed high IgG titers with all formulations on days 28, 42, 60, 90 and 120. MAP entrapped in microspheres (MS) showed serum IgG titers ranging from 90,000 to 1,70,000 in outbred and H-2 d mice respectively ( Figure 1A and Supplementary 1A). MAP with murabutide showed antibody titer ranging from 1,75,000 to 1,82,000 ( Figure 1B and Supplementary 1B) and MAP with CpG showed antibody titers ranging from 2,50,000 to 2,98,800 in both strain of mice ( Figure 1C and Supplementary 1C ). Among all formulations used, MAP+CpG formulation showed significantly (p<0.0001) high serum IgG titers in both strains of mice. With all formulations irrespective of strains used, maximum titers were observed on day 60 which was maintained until day 90 with gradual decline on day 120. Overall MAP+CpG showed significantly (p<0.0001) higher peak antibody levels followed by MAP+murabutide and MAP in microspheres in both strains of mice.
Individual peptides and E2 protein reactivity with MAPs antisera, MAPs reactivity with E2 protein antisera
with MAP + CpG formulation was found to be significant (p<0.05) in terms of peak antibody titre in outbred mice. Peptide E2P5 of MAP-1 showed highest endpoint titer as compared to other peptides. Peptides E2P5 showed maximum peak antibody titers upto 1,10,000, E2P3 of MAP-2 showed 1,25,000, E2P10 and E2P16 of MAP-3 showed 1,00,000 and 122000 peak antibody titers respectively ( Figure 2C ). Similar observation was seen in H-2 d mice too ( Figure S2B ). The E2 protein showed significant (P<0.001) immunoreactivity with MAP1-3 antisera on day 60 of outbred and H-2 d mice ( Figure 2B and Supplementary 2A & B) . The study concludes that all the MAPs induced antibodies to different epitopes of E2. In vice versa MAP1-3 also showed significant immunoreactivity with E2 antisera (Figure 2A ). Isotyping was done for antisera of outbred and inbred mice. In case of outbred mice, IgG2a/IgG2b antibody levels were significantly Journal of Immunology and Infectious Diseases high (P<0.001) for MAP-1, 2. While MAP-3 showed equal distribution of IgG1 and IgG2a/IgG2b subtypes (Table 1A) .The isotypes ratio (IgG2a/IgG1) was found to be >1.0 with MAP+CpG formulation for MAP-1 and MAP-2 showing Th1 dominant immune response. MAP-3 showed isotypes ratio ≤1 thereby showed a mixed Th1/Th2 response. The maximum isotype levels were observed on day 60 sera. Similar isotype pattern was observed in inbred H-2 d strain (Table 1B) .
IgG subclasses estimation in antisera
In vitro T cells proliferation
All the four MAPs showed higher stimulation index (SI) during in vitro stimulation of splenocytes. E2 primed splenocytes of outbred mice when stimulated with different MAPs, MAP-2 showed highest stimulation index. All the MAPs showed stimulation index in the range 30±1.23 to 41±2.87. Similarly, stimulation of MAP primed splenocytes of outbred mice with respective MAPs, MAP-1, MAP-3 showed stimulation index 36±4.89, 38±5.12 at 25µg/well while MAP-2 showed 45±3.45 at 25µg/well respectively (Fig.3A) . E2/MAPs primed splenocytes of inbred mice when stimulated with MAPs also showed high stimulation index 30±4.89, 42±5.12, 34±4.89, and 43±5.12 ( Figure S2C) . Results indicate that all the MAPs generated high lymphoproliferative response in outbred and inbred mice, while MAP-2 appears to be a superior construct over others.
Memory response
MAP 1-3 showed significantly (p<0.01) high IL-1β, IL-12, IL-2 and IL-17A cytokine levels when CpG was used as an adjuvant. The levels of IL-1β, IL-2, IL-12 and IL-17A cytokines were found to be significant with a range of 1022-1208 pg/mL (p <0.005), 160-196pg/mL (p <0.001), 250-325 pg/mL, (p <0.05) and 184-298 pg/mL (p <0.001) respectively ( Table 2 ). MAP-1 and MAP-2 produced significantly high IFN-γ (1480, 1345 pg/mL, p < 0.001) followed by MAP-3 (970pg/mL, p <0.05) when compared to unstimulated cells (189pg/mL) ( Table 2) . IL-4 levels were comparatively less (P<0.001) with MAP-1 & MAP-2 while MAP-3 has moderate levels ( Table 2 ). However, IL-10 levels were insignificant for all the MAPs ( Table 2 ). Significantly high (P<0.005) levels of TNF-α was observed for MAP-1, MAP-2 and MAP-3 ( Table 2) . IL-1β, TNF-α, IFN-γ cytokines level of MAP primed splenocytes stimulated with cognate MAP was in the range 1202-1480 pg/mL (P<0.001), 189-240 pg/mL (P<0.001), 1275-1489 pg/ mL (P<0.001) respectively. Rest of the cytokines levels were in the same range ( Table 1A  Table 1B B-cell memory response is a necessary feature to develop a vaccine as memory helps in quick antibody synthesis and clearance of infection on re-exposure to the pathogen. Amnestic response was confirmed by giving a booster with E2 protein on day 120 and response was evaluated on day 135 for all the MAPs. They showed memory response through generation of high antibody levels ( Figure 1A , B and C and Supplementary 1A, B and C). It indicates that MAPs had the potential to induce the amnestic/secondary immune response after challenge with native E2 protein. In case of inbred mice E2 primed splenocytes stimulated with MAPs, IL-4 level for MAP-3 was 208pg/mL compared to unstimulated cells 49pg/mL. MAP-1, 2 produced significantly high IL-17 (p< 0.005) followed by MAP-3 (p<0.001) as compared to unstimulated cells (Table S2 ). IFN-γ levels for MAP1-3 were 1210-1689pg/mL compared to unstimulated cells 192 pg/mL (Table S1 ). Finally results conclude that MAP 1-3 showed significantly high level of IL-1β, IL-2, IL-12, IL-17, TNF-α, IFN-γ while IL-4 and IL-10 levels were significantly less in culture supernatants of both outbred and inbred strains. 
Cytokines' levels
In vitro neutralization assay
Plaque reduction neutralization (PRNT 90 ) assay was performed to validate the neutralizing capacity of MAPs specific antisera against CHIKV. MAP + CpG antiserum of day 60 was used for in vitro neutralizing assay. Antisera of MAP-2 at 1:4000, MAP-1 at 1:2000 and MAP-3 at 1:500 dilutions showed 90% inhibition of CHIK virus multiplication in vero cells ( Figure 3A ). E2 protein sera showed inhibition at 1:3000 dilutions ( Figure 3B ). Plaques were counted and titers were expressed as the reciprocal of antibody dilution that showed >90% plaque reduction. Pre-immunesera (PIS) was used as negative control and E2 antisera was used as positive control
Discussion
Peptide based immunogen are easy to synthesize and safe to use but its low molecular weight, high degradability and short half-life generally induce low immunogenicity [24, 25] . MAPs' approach can be a better option for peptide based immunogens without a carrier molecule and to avoid genetic restriction. In this study different formulation of MAPs were used, MAP entrapped in microspheres with CpG ODN showed highest peak antibody titers and sustained over longer duration with strong memory response after boosting with native protein, followed by MAP + murabutide formulation as compared to without adjuvant. When MAP's antisera were tested with individual peptides, all peptides showed immunoreactivity with little variation, while few peptides showed dominance. These results prove that MAPs polyclonal antisera have different levels of peptide specific antibodies. IgG2a/ IgG2b were found to be highest (P<0.05) for MAP-1 and MAP-2 while MAP-3 showed equal distribution of IgG1 and IgG2a/IgG2b subclass. IgG2a and IgG2b antibodies are cytophilic in nature and are involved in protection. However, in case of CHIKV IgG1 and IgG2b subtype antibodies are found to be important in protection [26, 27] . Further, MAP with CpG ODN showed enhanced T cell response. Cytokine profile showed Th1 and Th17 response which is known to be beneficial to the host. To understand the induced cell mediated immune response due to MAPs, cytokine profiles (Th1, Th2 and Th17) were measured. Tumor Necrosis Factor (TNF-α) and IL-1β cytokine produced by macrophage/ monocytes during acute inflammation play an important role in the activation of innate and adaptive immunity [26, 28] . Tumor Necrosis Factor (TNF-α) and IL-1β cytokine play an important role in the activation of innate and adaptive response during pathogenic condition [28, 29] . In the present study, all the MAPs showed significantly higher levels of IL-1β and TNF-α, but these levels were comparatively low with E2 protein. This could be due to the presence of immunosuppressive epitopes on E2 protein. Thus, MAPs induced high CMI response by producing pro-inflammatory cytokines such as IL-1β and TNF-α. The present study showed higher production of IFN-γ with MAP-1, MAP-2, MAP-3. This indicates that IFN-γ definitely has protection against CHIKV in agreement to an earlier study [30] . The levels of IL-4 cytokine were comparatively higher for MAP3 and E2 while MAP-1, MAP-2 showed Th1 and MAP-3 showed mixed Th1/Th-2 type response. Only E2 protein showed high levels of IL-10 cytokine. Because IL-10 is considered to be immunosuppressive and can cause termination of inflammatory response [31] . Another important cytokine IL-17 play protective roles in host defense against certain pathogens at epithelial and mucosal barriers and promote the up regulation of other inflammatory cytokines and chemokines [31] . In the present study, IL-17 level was significantly higher for MAP-1, MAP-2, MAP-3 but E2 could not generate significant levels of IL-17, thus MAPs can activate different cell lineages of immune system to clear CHIKV infection. Most important feature for antibody is in vitro neutralization of CHIKV virus multiplication in vero cells. When CHIKV infects the host in the presence of the neutralizing antibodies, the viral clearance is very fast [12, 14] . All the MAPs showed high antibody peak titer, in vitro T cell proliferation with significant level of protective cytokines and virus neutralization. These are important criteria for a good vaccine. Thus, MAPs can be an alternate option for developing subunit vaccine for CHIKV.
Constructed MAPs derived for E2 protein based on B and T cell epitopes showed enhanced B and T cell response in murine model. MAPs induced high IgG antibody titer in outbred and H-2 d mice. IgG2a/IgG2b Isotypes were dominant for MAP-1, MAP-2 while MAP-3 showed equal distribution of IgG1 and IgG2a/IgG2b isotypic antibodies. MAP-1 and MAP-2 showed high T cell stimulation with mainly Th1 and Th17 type cytokines production. Interestingly, all the MAPs showed in vitro neutralization (PRNT 90 ) for CHIKV at different antisera dilutions on vero cells.
Conclusion
